The initial resonant current in the extra-LC auxiliary resonant snubber inverter (ELCARSI) is the key parameter to realize soft switching and improve output quality. However, the initial resonant current is related to the filter inductor current. Thus, an extra filter inductor or capacitor current sensor is required, which increases the cost and hardware complexity. Besides, the traditional control strategy using load current to calculate the initial resonant current doesn't require the extra sensor. However, the current stress and output distortion is increased. Thus, an initial resonant current control strategy without filter inductor current sensor is proposed in this paper. The operating principle of ELCARSI is introduced. The output quality and soft switching influenced by the initial resonant current are analyzed. Besides, the proposed sensorless control with estimation of filter inductor current is introduced. A prototype was developed to verify the effectiveness of the control method. The output distortion is close to that of the control with extra sensor.
I. INTRODUCTION
In high-precision applications, inverters are required with high-switching frequency and high precision of output voltage and current to drive the electromechanical actuators [1] . The dead-time effect as one of the main dominant sources of output current and voltage distortion must be solved in high-precision applications [2] . Because the output voltage error is related to current polarity, the compensation [3] - [4] and elimination [5] methods are hard to completely remove the dead-time effect.
Soft-switching technique makes use of auxiliary components to reduce the overlapping between voltage and current waveforms of the switching device. Thus, the soft-switching
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technique has the advantages of low switching loss and low EMI noise. The zero-voltage switching (ZVS) as a typical kind of soft switching technique can not only reduce the switching loss but also reduce the distortion of dead-time effect [6] . Besides, the output voltage error isn't related to the output current polarity. Therefore, it is possible to completely compensate or eliminate the dead-time effect by using the ZVS technique [7] .
To date, ZVS inverters can be classified into two categories: resonant DC-link inverter (RDCLI) [8] , [9] and resonant pole inverter (RPI) [10] - [13] . In RDCLI, the auxiliary circuit is placed between the DC power source and the inverter. All the main switches realize ZVS with only one auxiliary branch. Thus, the control strategy is complex [8] and soft switching may fail at certain load condition [9] . In RPI, each of the poles is placed with an auxiliary circuit. VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ Therefore, the control strategy is simpler and soft switching can be realized for the entire load range. The extra-LC auxiliary resonant snubber inverter (ELCARSI) [10] is a typical RPI. Compared with the auxiliary resonant commutated pole inverter [11] , the split capacitors are removed. Compared with hysteresis-current controlled RPI [12] , pulse-width modulation can be utilized with constant switching frequency. The auxiliary circuit is quite simpler than that of coupled-inductor RPI [13] and the double auxiliary resonant commutated pole inverter [14] . Besides, the ELCARSI has the advantages of low switching loss, low EMI noise and low output distortion caused by dead-time effect compared with the hard-switching converter [7] . In [15] , THD of the output current can be lower than 0.01%. Thus, the ELCARSI is very suitable for highprecision applications.
In the ELCARSI, the initial resonant current is the key parameter to realize soft switching. Due to the existence of LC filter, the initial resonant current is related to the filter inductor current instead of load current. To control the initial resonant current, an extra filter inductor or capacitor current sensor is required [15] . The three-phase converter even needs three sensors, which increase the cost and hardware complexity. High cost is one of the main problems of soft-switching converter [16] . On the other hand, if the traditional control method which utilizes the load current to calculate the initial resonant current is used, the extra current sensor can be saved. However, the current stress of the auxiliary switches and total loss is increased [10] . Besides, an obvious initial resonant current error occurs, which leads to output distortion. Thus, an initial resonant current control without filter inductor current sensor is proposed in this paper. Compared with the traditional control method, unnecessary current in the auxiliary circuit can be avoided and output distortion can be reduced. Compared with the sensor control, the extra current sensor can be saved. This paper is organized as follows. In Section II, the operating principle of ELCARSI is introduced. The key parameter -initial resonant current is analyzed for influencing the soft switching of main switches and output distortion. In Section III, the proposed sensorless control based on the estimation of filter inductor is introduced. In Section IV, a hardware prototype is designed and tested. Fig. 1 shows the circuit of ELCARSI, which consists of a standard H-bridge inverter and an auxiliary branch. The proper operation of the auxiliary switches S r1 and S r2 can create ZVS conditions for the main switches S 1 -S 4 . Meanwhile, the auxiliary switches can realize zero-current switching (ZCS).
II. OPERATING PRINCIPLE A. SOFT SWITCHING INFLUENCED BY INITIAL RESONANT CURRENT
The main switches can achieve auxiliary ZVS (AZVS) and natural ZVS (NZVS). AZVS is realized when the auxiliary is turned on. Otherwise, natural ZVS (NZVS) is achieved. where v ds is the drain-source voltage of MOSFET, i d is the drain current of MOSFET, v g is the gate signal, i Lf is the filter inductor current and i Lr is the resonant inductor current.
In Fig.2 (a), S 2 and S 3 are in the on state before t 2 . The filter inductor current i Lf increases negatively. After S 2 and S 3 are turned off, four resonant capacitors resonate with the filter inductor due to negative i Lf . During the resonant period, the initial resonant current is the lower envelope current of i Lf . After C r1 and C r4 are discharged to zero voltage, the body diodes D 1 and D 4 conduct the current. Thus, S 1 and S 4 can be zero-voltage turned on. During the resonant period t 2 -t 3 , the initial resonant current and resonant time can be written as follows
When I Lf _l is not high enough, the corresponding resonant capacitors can't be discharged to zero voltage during the dead time. S r1 must be turned on before the turn off of S 2 and S 3 to increase the initial resonant current. So that S 1 and S 4 can be zero-voltage turned on. Fig. 2 (b) shows the key waveforms of AZVS of S 1 and S 4 . During the commutation, the initial resonant current and resonant time t 2 − t 3 can be calculated as
where
The resonant time must be shorter than the dead time to ensure soft switching. Thus, the requirement of soft switching can be obtained from (1)-(4).
where t dead is the dead time.
The soft switching principle of S 2 and S 3 can be analyzed similarly. The initial resonant current is related to the upper envelope current of filter inductor I Lf _u instead of lower envelope current I Lf _l during the negative commutation (commutation from S 1 , S 4 to S 2 , S 3 ). However, (5) must be obeyed as well. Table 1 shows the soft-switching condition of the main switches. When the envelope current of filter inductor is higher than the minimum initial resonant current, NZVS can be achieved. Otherwise, AZVS is realized.
B. OUTPUT QUALITY INFLUENCED BY INITIAL RESONANT CURRENT
The initial resonant current is key parameter in soft switching of the switches. Besides, the output quality is influenced by the initial resonant current, which will be analyzed as follows.
The dead time of ELCARSI consists of resonant period (t 2 − t 3 and t 2 − t 3 ) and diode clamping period (t 3 − t 4 or t 3 − t 4 ). According to Fig.2 , the voltage error only occurs in the resonant period. The voltage error is linearly related to the resonant time [6] .
where t r,P and t r,N are the resonant time of positive commutation (from S 1 , S 4 to S 2 , S 3 ) and negative commutation (from S 2 , S 3 to S 1 , S 4 ), respectively. According to the soft-switching type of two sets of switches, ''AZVS+NZVS'', ''NZVS+NZVS'' and ''AZVS+AZVS'' mode can be divided. The corresponding voltage errors can be obtained from (6)
where I r_A is the I r when the auxiliary circuit is conducted to achieve AZVS of main switches, I r_A,P and I r_A,N refer to the I r_A in the positive and negative commutations, respectively. According to (7)-(9), I r_A is the key parameter in influencing the output voltage error. In [15] , the voltage error can be eliminated by using modulated I r_A control. However, the initial resonant current error occurs due to open-loop control. Besides, the traditional control utilizing the load current to calculate the initial resonant current can save an extra filter inductor current sensor. However, the initial resonant current occurs, which leads to output distortion. Fig.3 shows the pole voltage waveforms when auxiliary current error exists. From (7)-(9) and Table 1 , the output voltage error can be calculated when the initial resonant current errors occur in the positive resonant period and negative resonant period as I r_A,P and I r_A,N .
According to Table 2 , the filter inductor ripple is approximately 1.78A-4.54A. Fig. 4 shows the output voltage error influenced by the initial resonant current error when i Lf = 4.54A. In Fig. 4 , the converter operates in ''AZVS+AZVS'' mode when −1.73A < i o < 1.73A. Otherwise, the converter operates in ''AZVS+NZVS'' mode. The positive initial resonant current error during the positive commutation leads to negative output voltage error in Fig. 4 (a) . Whereas, the positive error during the negative commutation results in positive output voltage error in Fig. 4 (b) . The maximum voltage error occurs in ''AZVS+AZVS'' mode. When the same current errors both occur in I r_A,P and I r_A,N , the voltage error is zero during ''AZVS+AZVS'' mode in Fig. 4 c) . The maximum voltage error occurs in the mode changing point. Fig. 5 shows the output voltage error with different initial resonant current error when i Lf = 1.78A. Compared with Fig. 4 , the current ripple mainly influences the mode operating range, including the ''AZVS+AZVS'' mode and ''AZVS+NZVS'' mode. The converter operates in ''AZVS+AZVS'' mode when −3.11A < i o < 3.11A in Fig. 5 .
III. INITIAL RESONANT CURRENT CONTROL A. FILTER INDUCTOR CURRENT ESTIMATION
Based on the analysis in Section II, the initial resonant current which is the key parameter in realizing ZVS of main switches and improving output quality, is related to the envelope currents of filter inductor and auxiliary current. Thus, the initial resonant current can be controlled by controlling the auxiliary current. The initial resonant currents of positive and negative commutation can be written as
where I Lr0,P and I Lr0,N are the auxiliary current at the initial resonant time during the positive and negative commutation, respectively.
The filter inductor current can be estimated from the load current to save the extra current sensor. The envelope currents of filter inductor can be calculated as follows.
where I o and I cf is the average load current and filter capacitor current in a switching cycle, the current ripples i Lf _u and i Lf _l are defined that i Lf _u = I Lf _u -I Lf , i Lf _l = I Lf − I Lf _l . According to (13) and (14), the envelope currents I Lf _u and I Lf _l are related to load current, capacitor current and current ripple. The load current can be obtained from the current sensor. In the ELCARSI, the load current is synchronously sampled at the peak of carrier for eliminating the switching current ripple without needing for low pass filters. Fig. 6 shows the sample and modulation diagram of the ELCARSI.
During the transient state, the capacitor current must be considered in the estimation of filter inductor current. The average capacitor current can be calculated as follows.
where V o is the average load voltage (capacitor voltage) in a switching cycle. The load current ripple is far lower than the filter inductor current. Thus, the filter capacitor current ripple is approximately equal to the filter inductor current ripple. The sampling and calculation at the peak of carrier can avoid the current ripple as shown in Fig. 6 . In order to reduce the delay, the current is sampled twice during a switching cycle. During the dynamic state before k + 1 in Fig. 6 , the current ripples i Lf _u and i Lf _l are not equal to each other. The current ripples can be calculated as follows.
where D and T s are the duty ratio and switching period, respectively. The envelope currents of filter inductor can be calculated from (13)-(17). The upper and lower envelope currents I Lf _u and I Lf _l are obtained after the sampling at the valley and peak of carrier, respectively.
When the ELCARSI operates in steady state, the filter capacitor obeys the ampere-second balance principle. The average filter capacitor current is nearly zero in a switching cycle. Besides, the current ripples i Lf _u and i Lf _l are equal to each other. Thus, the envelope currents of filter inductor under steady state can be calculated as follows.
Equations (18)-(19) are the calculation of filter inductor current in steady state. Compared with dynamic state, the capacitor current isn't considered.
B. AUXILIARY SWITCH CONTROL
Regarding the auxiliary current, the conduction time of the auxiliary switches consists of charging time (t 1 −t 2 ), resonant time (t 2 −t 3 ) and discharging time (t 3 −t 5 ) in Fig. 2 . To ensure the zero-current turn off of auxiliary switches, the resonant time can be replaced by the dead time due to t dead > t r . Thus the turn-on time of the auxiliary switches can be obtained.
where t ch and t dch are the charging time and discharging time, respectively. The auxiliary current is linearly related to the charging time.
From (20)-(21), the turn-on and turn-off time can be calculated. The auxiliary current can be controlled by proper conduction of the auxiliary circuit. Thus, the initial resonant current can be controlled. Fig. 7 shows the initial resonant current control diagram without filter inductor current sensor. The envelope currents of the filter inductor are calculated according to (13)-(19) . The operating mode is determined from Table 1 . Subsequently, the turn-on and turn-off time of the auxiliary switches can be obtained from (20)-(21). Fig. 8 shows the prototype of ELCARSI. FPGA is used to control the inverter. Table 2 shows the parameters of the prototype. The traditional I r_A control is based on the load current instead of the filter inductor current. Thus, the filter inductor current sensor can be avoided. However, the error in I r_A occurs which leads to output distortion. Besides, the current stress of the auxiliary circuit increases. If the filter inductor current sensor is added. I r_A can be controlled accurately. However, the cost is increased. Thus, the experimental results of proposed control are compared with these two control methods. Fig. 9 shows the waveforms of the estimation of I Lf _u and I Lf _l and the sensor output of i Lf . Fig. 9 (a) and (b) shows the sinusoidal output waveforms. The maximum error of estimation of I Lf _l and I Lf _u is approximately 0.2A. Fig. 9 (c) shows the step output waveform from 0A to 6A. The maximum error of estimation of I Lf _l and I Lf _u is approximately 0.6A. Fig. 10 and Fig. 11 show the FFT waveforms of output voltage with open-loop control of 21Hz and 67Hz. In Fig. 11 , the 3rd order harmonic (respect to the first harmonic) of the traditional control as the highest harmonic is −51dB and THD of the voltage is 0.0451%. The 3rd order harmonic and THD are reduced to −59dB and 0.0331% by using the extra filter current sensor. The 3rd order harmonic (respect to the first harmonic) of the proposed control is −57dB and THD of the voltage is 0.0362%. The output distortion is 0.0089% lower than that of tradition control, however 0.0029% higher than that of sensor control. Fig. 12 shows the experimental output current waveforms in closed-loop control. The auxiliary peak current is approximately 20A, which is 2 times the load current according to the modulated I r_A control in Fig 12(a) and (b) . The distortion of the output current is not obvious. Fig. 12(c) shows the pulse output waveforms. The auxiliary current also adaptively follows the load current. Fig. 13 shows the THD of the 10Apeak output current with closed-loop control. THD of the current with the current sensorless control is 0.007%-0.017% from 10Hz-160Hz, which is less than 0.0103%-0.0192% of the traditional control and a bit higher than 0.0065%-0.0168% of the control with filter inductor current sensor. However, the extra filter inductor current sensor is avoided.
IV. EXPERIMENT

V. CONCLUSION
In this paper, an initial resonant current control strategy without extra filter inductor current sensor is proposed. The operating principle of ELCARSI is analyzed. The key parameter-initial resonant current to influence the soft switching and output quality is analyzed. The initial resonant current is related to the envelope currents of the filter inductor instead of the transient current. Thus, a current estimation method is proposed to eliminate the filter inductor current sensor. The prototype was developed to verify the effectiveness of the control method. The output distortion with proposed control strategy is lower than that with the traditional control method and close to the control with extra sensor. In conclusion, some features can be summarized as follows: (1) Compared with the traditional control strategy, the proposed control strategy can reduce initial resonant current error, thus reducing the output distortion. (2) Compared with the control strategy with current sensor, the hardware is simplified and the cost is reduced.
Despite the fact that the analysis and proposed control is based on the ELCARSI, the proposed control strategy can be used similarly to other types of the ZVS inverters with LC filter to save the extra current sensor.
